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Abstract

The use of fiber reinforced plastic composites in critical applications has incrc'l~ed

dramatically in rccent years. To take full advantage of the bencfits of these malerials. it is

essentialto be able to predict their behavior under impact. The continuum damage model

by Nemcs and Randles attempts to answer that need. For a complete formulation, the rate

dependenc'~ of the material under the different modes of damage has to be quantified.

Experiments, where the modes of damage are isolated from each other are therefore

needed.

A punching experiment was chosen to isolate the transverse shear response of the

composites. The tests were condueted on a 24 ply graphite/epoxy AS4/3501-6 quasi

isotropie lay-up over a wide range of loading rates. Low and medium rate experiments are

performed using a hydraulic testing machine with a specially designed punch shear fixture

to obtainload versus displacement results. High rate experiments (in the order of 103
) are

performed using a punch shear version of the split Hopkinson bar apparatus, which was

developed as part of this project.

For both kinds of tests, load versus displacement curves were obtained at different

loading rates. The specimens were x-rayed to evaluate the damage inflicted to the specimen.

Optical microscopy of sectioned samples of partially punched specimens was used to

construct a sequence of the damage process.

Cracking initiates in the shear zone of the specimen side contacted by the punch bar.

This is followed by delamination in the lower part of the plug. Finally. after signilicant

rotation of the material, tensile failure occurs. The plug can then be pushed out.

The maximum load reached for different loading rates does not show any rate

dependance. lt is postulated that the peak value would depend on the liber tensile propenies

which are rate-independent for graphite. Sorne rate-dependence is observed during the

loading of the specimens. 11 is thought to reflect the matrix cracking response. The rate

dependence for the transverse shear properties is considered to he signilicant enough to he

included in impact analyses.
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Résumé

Les matériaux composites ont acquis, au fil des ans, une utilisation répandue. Il est

primordial de pouvoir prédire leur comportement sous impact. Le modèle

d'endommagement continu de Nemes et Randles pourrait répondre à ce besoin. Pour une
formulation complète, l'influence de la vitesse de chargement sur le matériau, soumis à

différents modes d'endommagement, doit être quantifié. Des méthodes expérimentales où

les modes d'endommagements sont isolés les uns des autres sont requises.

Un test de poinçonnement a été choisi pour isoler la réponse en cisaillement

transversal des composites. Les tests ont été effectués sur des. stratifiés de 24 plis de

graphite/époxyde. La séquence d'empilement à été choisie afin d'obtenir un comportement

quasi-isotrope. Les tests à basses et moyennes vitesses de chargement sont effectués à

l'aide d'une machine d'essais hydraulique standard (MTS) équipée d'un appareil de

fixation de l'échantillon. Les tests à hautes vitesses de déformation (ordre de grandeur de

10') sont effectués grâce à une version en cisaillement de la méthode de barres

d'Hopkinson. Les équipements furent conçus et fabriqués dans le cadre de ce mémoire.

Pour les différents tests, des courbes de la force en fonction du déplacement ont

étés obtenues. Les spécimens ont été radiographiés pour évaluer l'endommagement.

L'observation au microscope optique a également été utilisée pour déterminer les modes de

progression de l'endommagement.

Les fissures débutent dans la zone de cisaillement du côté du poinçon. Le

délaminage de la partie inférieure de la zone poinçonnée suit. Finalement, après la rotation

du matériel, une rupture en tension des fibres se produit. La zone poinçonnée peut alors

être éjectée du spécimen.

Le chargement maximum atteint ne démontre pas de dépendance envers la vitesse de

chargement. Il est supposé que celle valeur est liée aux propriétés en tension des fibres de

graphite qui sont indépendantes de la vitesse de chargement. Une dépendance est cependant

observée durant le chargement du spécimen. Ce comportement refléterait l'effet de la

fissuration de la matrice. Celle dépendance envers la vitesse de chargement, pour les

propriétés en cisaillement transversal, est considérée assez importante pour être incluse

dans toute analyse d'impact.



•

•

•

i\'

Table of Contents

ACKNOWLEDGMENT 1

ABSTRACT __ __ Il

RÉS UMÉ III

TABLE OF CONTENTS IV

LIST OF FIGURES V

LIST OF TABLES . VII

LIST OF SYl\'IBOLS VIII

1.INTRODUCTION 1

2·BIBLIOGRAPHICAL REVIEW 3

3·MOTIVATION 14

4.EXPERIMENTAL CONFIGURATION 111

4.I·HoPKINSON BARS 18

4././-T/wOl)' _

4./.2-Co/llpo.l'ite lob facilitie.l' 23

4.1.3-De.l'igll of the cO/llpcJ/lelll.l' 25

The bars 25

The supports 27
The specimen holder 28

The slide 28

The gas gun 29

The momentum trap 32

The Alignment 32

Electronic equipment 32

Strain pulses acquisition 33

Calibration 34

Speed detector 35

4.2-STATtC TESTS 37

S·MATERIAL 39



II·SPECIMEN

•

•

•

v

(,-TEST l' IWCEDlJ /{ ES 40

7- /{ ES ULTS 42

7.I-REsIJl:rs COMI'AI<lSON 47

INSPECTION 50

H.J-X-I<AY 50

H.2-VISUAI.INSPECI'ION 53

9.MonES OF l'AILU/{E 56

10·IŒCOMMENDED FU/{THER RESEARCH 57

II-CO NC LUS 1ON 5 Il

12· /{ EFE /{ ENCES 59

13·A l'PEN DIX 6 1

List of Figures
FIGUIU: 1.1 RANGE OF STllt\IN RATES _

FIGURE 2.1 STIIESS VS STilAIN FOR GRAPHITE/EPOXY IN COMPRESSION 3

FIGUIIE 2.2 ULllMATE COMPRESSIVE STilESS VS STRAIN RATE 4

FIGURE 2.3 MAXIMUM NORMAL STlŒSS VARIATION \VITH ANGLE·PLY FIIlER ORIENTATION FOR GFRP IN

TENSION 5

FIGlIIIE 2.4 'l'ENSILE STRESS/STilAIN CUllVE FOR CFilP 5

FIGURE 2.5 DETAIL OF INPUT AND OUTPUT PRESSURE BAR LOADING INTERFACES USED FOR SHEAR TESTING

I\ND THE nvo LOAIlING CONFIGURATIONS 6

FIGURE 2.6 SIIEAR STRESS VERSUS SHEAR STRAIN FOR TRANSVERSE SHCAR 7

FIGUIIE 2.7 SIMPLE OVERlAP SPECIMEN Il

FIGURE 2.8 l'AlLURE STRENGTIIS AND YIELD STRESSES VERSUS STilAIN IIATES 9

FIGURE 2.9 LOAD IlISPLACEMENT CURVES FOR A PUNCHING TEST; MEAN PUNCH SPEED A:2.5*\ 0-7

1l:2.5*IO-6 C:2.5*\ 0·4 D:3 E: Il F: 18 Il

FIGUlIE 2.10 LAMINATE DEFORMATION 12

FIGURE 3.\ TIIRESHOLD SURFACE FOR THE ONSET OF DAMAGE 16

FIGURE 4. 1 DIFFERENT HOPKINSON BAR APPARATUS 19



. 21

\'1

Cl

:16

37

3~

42

43

44

45

45

OSCILLOSCOPE 0) GAS GUN AND SLlDE _

FIGURE 4.15 STATIC FIXTUllE . _

FIGURE 4.16 FIXTURE RESPONSE (CURVE) AND MODEL(LlNEAR) _

FIGURE 7. 1PUNCfIING SpEED = 0.00 1M/s' _

FIGURE 7.2 PUNCHING SPEED = 0.0 1Mis _

FIGURE 7.3 PUNCHING SpEED =0.1 Mis _

FIGURE 7.4 PUNCHING SpEED =4.2 Mis _

FIGURE 7.5 PUNCHING SpEED = 6 Mis _

FIGURE 7.6 COMpAIUSON OF LOWER STRIKER VELOCITY TESTS (8 AND 10 Mis) Tll A STANIlAIHl llNH__ 46

FIGURE 4.2 LAGRANG1AN DlAGRAM _

FIGURE 4.3 SCHEMATIC PUNCH AND DIE . 21

FIGURE 4.4 SPLIT IIOpKINSON BAR SYSTEM 25

FIGURE 4.5 SUPPORT 27

FIGURE 4.6 SPECIMEN HOLDER 2~

FIGURE 4.7 THE SLiDE 29

FIGURE 4.8 GAS GUN SECTION 30

FIGURE 4.9 WHEATSTONE BRIDGE 33

FIGURE 4.10 INCIDENT BAR IlEAJ)lNG .1·1

FIGURE 4.11 TRANSMITTED BAR REAJ)lNG .1.\

FIGURE 4.12 FORCE mSTORY 34

FIGURE 4. 13 DISPLACEMENT HISTORY .1·1

FIGURE 4.14 MCGiLL UNIVERSITY HOpKINSON BAR SYSTEM AlBAllS B) NITRIlGEN TANK

•

•

FIGURE 7.7 EFFECTOF BAD PUNCH SURFACE 47

FIGURE 7.8 1 AND JO SEC TESTS 4X

FIGURE 7.9 HIGH SpEED PUNCHING 49

FIGURE 7.1 0 THREE DIFFERENT MODES 49

FIGURE 8.1 Low pUNCHING LaAD 50

FIGURE 8.2 ALMOST PUNCHED 50

FIGURE 8.3 l'UNCHED SPECIMEN 51

FIGURE 8.4 DIE AppLiED ON THE pLUG 51

FIGURE 8.5 HOLDERS EFFECTS 51

FIGURE 8.6 21KN LOAD 53

FIGURE 8.7 31KN LOAD 54

FIGURE 8.8 MAXIMUM LaAD REACHED 54

• FIGURE 8.9 COMpLETLY pUNCHED SPECIMEN 54

FIGURE 8.10 PLUG BEING pUSHED OUT 55



•

•

•

vii

LIST OF TABLES

TAIlI.E 2.1 COMI'ARISON OF MECIIANICAI. CIlARACfERISTICS OFT300/520S AT DIFFERENT STRAIN RATES _ 9



viii

• List of Symbols

A, Arca of surface 1

o.; Damage panuneter

Co Longitudinal wave speed

d, Distance to the Threshold surface

l>E Difference in voltage

l>L BlUTellength

l>u Displacement of face 1relatively to face 2

l>u' Correeted displacement

E Young's modulus

EH Young's modulus in the i direction

lOi Incident strain pulse

ER Reflected strain pulse

• e. Transmitted strain pulse

F Force on the specimen

F, Force in the incident bar

F2 Force in the transmitted bar

G;j Shear modulus

Ji Stain gage number i

K Constant

M, Mass of the sabot

Mb Mass of the bar

P Pressure

Ri Resistance number i

t lime

u, Displacement in the i direction

V 12 Poisson's ratio

Vi Speed of the striker

Vi Damage vector in the i direction

• V, In-plane damage vector



•

•

•

1-lntroduction

The use of composite materials has increased dramatically in the last decades. They

arc used in many applications ranging from recrea:ional equipment to the high technology

acrospaee field. Their biggest advantages are their strength and stiffness-to-weight ratio. It

makes them a natural ehoiee for applications where the weight is critical as in the aerospace

industry. Other properties of these materials may make them advantageous for specifie

applications. For example, the electrieal properties of fiberglass make them a eommon

choicc for npplications where a rigid structure that does not conduct electrical current is

needed.

ln general, composite material usage has not yet reached its full potential. One of

the major causes of that is the lack of complete understanding of the behavior of the

material. The study of composites is still relatively recent. Many fields have not been

thoroughly studied yet. Among those, is the behavior under impact, which plays a big role

in many applications.
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A belter understanding of the rate·dependent hehavior is needed to use composite

materials in applications involving severe dynamie loading. Different kinds of louding eun

he represented by the strain rmes they produce. Figure 1.1 [1] shows a variety of strain

rates found.

The typical impact experiment involves impact of a steel sphere onto a composite

plate. It produees complex states of stress that make it difficult to lInderstund the

constitutive behavior of the materia!. Tests in which one type of loading is isoluted are

needed. A pllnching experiment is lIsed here to characterize the transverse sheur belmvior of

fiher reinforeed plastic laminates at different loading speeds. For this investigation, a

special version of the split Hopkinson bar apparatus has been designed and builtto meusure

the high rate response. The slower tests are performed on a standard material lesting

system (MTS) with a special fixture.

In the following section, previous studies on the effect of the strain rates on the

differentmeehanieal properties of composites materials will he presented. This work will

then he brought ioto perspective by presenting briefly Nemes and Randles continuum

damage constitutive mode!. The design and development of the experimeotal apparatus will

he presented followed by the measured results. Finally, inspection of specimens using x

rays and optical rnicroscopy are used to help formulate the failure modes.
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2-Bibliographical review

The field of fiber reinforced laminated composites under impact is extensive. This

rcvicw will concentrate on the properties of composites under different loading rates and on

cxpcrimcntal investigations that relate to what is done in the scope of this work.

In most investigations similar test procedures are used. ln that, slow and medium

rate tests are donc on a MTS or an INSTRON testing machine. The high rate tests are

performcd on a spccially designed apparatus, such as the Hopkinson bar apparatus. This is

the technique used in this research and it will he introduced in a later section of this text.

One of the easiest tests to perform is the measurement of the material response in

compr~ssion. The Hopkinson apparatus needed then is kept to its simplest form: two bars

with the specimen sandwiched between them. The compression properties of larrûnates

vary only slightly with the strain rates. Figure 2.1 [2] shows stress/strain curves for

GraphitelEpoxy (CFRP) at different strain rates and temperatures. The material •

AS4/3501-6. is the same that was used in this research. The curves, for three different

strain rates at rcom temperature, show that both Young's modulus, as determined from the

slope of the curve, and the maximum stress increase with increasing strain rate.

900 ~-~--...,---.....,..--,--"'7'1

800 ~--.....jr----+---+---fo--,lt:...",c~

700 -+----t---+----f-.......,e~...,.~

_ 600 ~---t---+----:JPI~~_+_----f
al
Co
::;: 500 -+---f---1-7-enë 400 -t---+---:II,oLr,~--+---f----I

ü.i 300 ........_-l~a-&..o-----..&..-.......,
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200 -i--fttlF---1 • strain rate=400
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o~~~;:;::+;:;:;:::;+;:;::;:;+=;:;:;.....,J

j
0.000 0.005 0.010 0.015,' 0.020 0.025

Strain (Olof

Figure 2.1 Stress vs strain for graphite/epoxy in compression [adapted from 2]
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In compression testing. the mte effect is similar for glass liber (GFR?). Figure 2.2

[3] shows the maximum compressive stress for different types of GFR? The Ill'Lximulll

stress depends on the resin type and the liber volume fraction. The reinforccd libre

treatment does not have much effect.

o

o
0---""0- 0_ --(5----0-- 0

0
0 0

c 9

o 100 200 300 ~oo 500 600 700 800 906 1000 1100 1200
Sitaln raie (,-1)

2501 -----:-----::--0::-=--",..----,o _° 0 0 __ 1
0o.. -----ë4 n Q 00 0 V.n)l

UI"
200

:
~ 100

50 1

1 1 1 1

~
! 150

• Figure 2.2 Ultimate compressive stress vs strain 1:1 Glass liber trcatmenl A
o Glass tiber treatment B [3]

These results, for tests in the tiber direction for unidirectional or bi-dircclional

composites, indicate that, for most FRP, the strength and modulus increase only slightly

with strain rates.

•

A second group of important tests investigates the tensile properties. The equipment

needed is more complex and different types of Hopkinson bar apparatus have bccn used.

The most signiticant point to remember is that glass liber laminates do not behave like

carbon tiber. The behavior of GFRP (GiasslEpoxy) varies greatly wilh strain rates while

the behavior of CFRP is not signiticantly affected by il. Tests with angle ply GFRP

showed that glass tibees were rate sensitive. In fact, they contribute more 10 the mte

sensitivity then the matrÏx. Figure 2.3 [4] shows the differencc between stalie and dynamic

strength for different tiber orientations. Figure 2.4 [5] shows the variation in stress/strain

curves for unidirectional CFRP (Hyfil-Torayca-13O-SIR7H). The curves, representing

different strain rates, are offset for clarity.
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Figure 2.4 Tensile stresslstrain curve for CFRP [5]
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Another important parameter to investigate is rate-depcndenee of the shear

properties of the materials. The special nature of l:uninates will dictate two differcnt shear

properties to examine. The first one is the interlaminar shear. It eonsists of the resistanee to

shear in the plane of the plies. The second one is the transverse shear whieh acts in the

plane perpendicular to the plies. Different results have bren obtained in this area. Some

research teams have come to opposite conclusions. The testing conliguration and Ihe

specimens used in each experiment varied. For the purpose of this report, some of the

rnethods used and their results will be presented.

One testthat can he performed in such an investigation is the three point bend test.

Werner and Dharan [6] used this test in conjunction with Hopkinson bars. Figure 2.5

shows the configuration for the interlaminar and the transverse shear. Graphite-epoxy was

used for the specimens.

't' ...,••"'........
'"tal t.. "'''''111''

"'lU

•

Figure 2.5 Detail of input and output pressure bar Ioading interfaces used for shear
testing and the two Ioading configurations [6]

There was considerable scatter in the obtained data. Within lhat scaller, it still

appears that the interiaminar shear stress response is reIatively constant for ail strain rates.

In transverse shear Ioading, increasing strain rates resuited '10 a decrease in the shear

strength and softening. Figure 2.6 [6] shows the results for transverse shear.
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Figure 2.6 Shear stress versus shear strain for transverse shear [6]

For interlaminar shear strength, two other ways to investigate tbis property will be

briefly introduced. The tirst method confirms the results found by Werner And Dahran but

the second one contradicts them, since an increase in stiffness and strength is found with a

rise in strain rate.

Bouette, Cazeneuve and Oytana [7] developed an overlap specimen that applies an

interlaminar shear on the laminate. A schematic illustration of the specimen is presented in

Figure 2.7. The specimen has been designed in conjunction with a finite element analysis.

The analysis was used to find an optimum configuration where the stress field is mostly
,'.

interlaminar shear.
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Steel plate Composite

•

•

Figure 2.7 Simple overlap specimen [adapted from 71

This experiment showed once again that the mechanical characteristics of

interlaminar slJear do not vary with strain rate. The material used in this investigation was

unidirectional graphite epoxy T300/520S. Table 2.1 shows the values obtained.



• Law strain rate

(10·) s·')
Intermediate strain

rate (1 s·')

High strain rate

(ID' s·')

9

Shear Modulus: G" 5.6 ± 0.1

(GPa)

Shear Strength: S" 74 ± 3

ru ture (MPa)

5.6 ± 0.1

71 ± 2

5.5 ± 0.3

73 ±4

Table 2.1 Comparison of mechanical characteristics of Graphite-Epoxy T300/5208
at diffcrent strain rates [7]
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Figure 2.8 Failure strengths and yield shear stresses versus strain rates [8]
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Lataillade. Delaet and Collomhet [8] showed that the mechanic.ù pammeters r~lated

to interlaminar shear loading increase in a logarithmic law with low. medium and high

strain rates. They used a uniaxial tensile test on syrnmetrical [±45] Eglasslepoxy crossply

laminates. This technique generates a preponderant interlaminar shear loading within each

ply of the laminate. Figure 2.8 shows the failure strengths and the lirst change in slop

stresses versus strain rates.

An alternative method to investigate transverse shear is by punching a specimen.

Harding [9] did so on woven fiber glass material. He used both polyester and epoxy based

matrix. Both matrices gave similar results.

It is difficult in punching experim~nts to relate the forces and displacements

rneasured to the actual stresses and strains. This is due to the fact that the actual gage length

is different frorn the radial clearance between the punch bar and the die tube. If the same

type of experirnent is performed on metal the actual deformed zone can he found with

micro-hardness tests as was done by Dowling [20]. The zones that undergo large pl'L~tic

deformation will show a change in the hardness of the material. After the test, measuring

the hardness distribution will give an approximate gage length. From this, the stresses and

strains can he found from the obtained data. Unfortunately the same process cannot he

applied to composites. The zone can only he approximated by post-test observation. In this

study, only the force versus displacement results will he presented. The stresses vs stmins

curves would have similar trends, but are difficult to quantify.

Figure 2.9 [9] shows the load versus displacement curves for woven

glass/polyester materiai. The properties greatly increase with punching speed. This gives an

opposite result from the one obtained with the three point hend test of Werner and Dahran

[6], aIthough for a different materiai.
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Figure 2.9 Load displacement curves for a punehing test; mean punch speed
A:2.S*1O-7 B:2.S*1O-6 C:2.S*1O-4 D:3 E:ll F:18 [9]

These values are the only one found in the literature for the punebing of

composites. Sorne problems were reported by Harding inc1uding: low accuracy in
measuring the displaeement and large scatter in the results. The dashed Unes represent

extrapolation of results. The two peaks hehavior for the fastest test was found in tbis study.

This hehavior will he discussed in a further section.

Further more. these tests were only perfonned on GFRP. This present research
focuses on CFRP. Most of the problems faeed by Harding were solved in tbis study. It is

also interesting to note that the difference in hehavior mentioned previously for tension is

also present in punching shear. This faet will he brought in perspective in a later section of
this report.
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Finally. S.-W. R. Lee and C. T. Sun have ~rformed an investigation on the

dynamic penetration of graphitc/cpoxy (AS4/3501-6) Imuinates impacled by 11 blllllt-cndcd

projectile. These results are related to what is bcing donc here. In thcir rcscl1rch. an altempt

was made to use the statie punching results to predict whm will happen whcn a blllllt-cndcd

projectile bits a composite plate

The slatie punching configuration llsed in the experiment of Lee and Sun diffcrs

from a traditional punching experiment. In that. the gap betWCCI1 the punch and the die is

large enough that significant bending of the plate is present. Figure 2.10 [11] shows a

cross-sectional view of the laminate defonnation.

(.t

Figure 2.10 laminate deformation [Il]

For the same type of lay-up as the one used in this thesis, but for a 33% thicker

lanùnate. the maximum load obtained was approximatcly half that found here. The

difference is attributed to these bending effects.

Three types of testing configurations were used including two diffcrent lay-ups and

two different spans for the specimens. This gives an indication of how bending affeclli the

loads and the displacements. The presence of significant bending will result in large

displacements.
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To confirm this assumption, the theOI) of plates and shells was used to

approximate the displacements caused by the load at the first peak. In the calculations, the

modulus of the material was approximated by the engineering properties calculated from the

laminate flexural matrix.

The ratio of bending deformation to total deformation was found to vary from 40% to close

to 100% depending on the test configuration. Thinner specimens with longer spans deform

more in bending than thick short ones.

When no bending effects are present, the maximum loads are much higher as is found in

this research.
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3- Motivation

This research is part of work being donc to develop a continuum damage modl'i for

composite materials. This model was I1rsl intl'Oduced by Randles and Nemes in 1'llJ2 [121.

In their approaeh, the evolution equations arc taken 10 be completl'iy

phenomenologieal, that is, no allempt is nmJe to employ a micrmnechanical model or a

growing crack. Due to the complexity of the damage p1'llCCSS in cmnposite nUltl'rials.

micromeehanical models tlmt aeeurately describe the evolution arc not available al preslmt

time. In this model, the evolution equations are taken 10 be a fnnction of the ClilTelll stale or

damage, some overstress above a threshold, and material properties cont1'lllling evolntion

rates. Writing the evolution equations in this ronn leads to an overall rate-dependent . llI'

time-dependent, material response through the damage proccss. The nmterial investigated

is considered to be transversely isotropie. This is ohtained by using a eomposile with

balaneed [0/+-60] or [0,90,+-45]lay-ups.

The matrix damage is charaeterized by the veetor V=(V1,V"V,) where the direction

is perpendieular to the plane of the laminate. The value of V, the danmge magnitude,

represents the fractionai reduction of certain elastie properties of the material. The V,

component represents the damage indueed by delamination. The mierocracking danUige is

represented by a combination of V, and VJ' This damage is assumed to oeelil' in a randomly

distributed fashion both spatially and by orientation of nornmls in the 2,3-plane sueh that

the degraded material properties are left transversely isotropie. It ean he concluded that the

property degradation depends only on the magnitude of the ill-plane emnponents of the

damage vector.

(3.1 )
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The following simple damage dependence of the propertics is assumcd:

2 (J
EII = ( 1 - VI ) EII

2 (J
E22 =( l-lXlVs )E22

2 2 0
G I2 =(I-V

I
)(1-lX2 Vs )G 12

2 2 ()
v I2 =( 1- VI )(1- lX3 Vs )v 12

2 liv23 =( l-lX
4

Vs )v23

(3.2)

Where the sllperseript 0 denotes virgin properties and the fractions O<lX< 1 are included to

prevent complete loss of material integrity as the saturation state V~ 1 is reached. Integrity

may remain due to unbroken reinforcing fibers in the 2,3 plane.

Rute dependency is introdueed into the continuum damage model proeess by way of

dumuge cvollltion. Both the VI and Vs types of damuge are assumed to be govemed by a

threshold of the form:

F(cr,f(V)) < 0 for no damage growth

> 0 for damage growth

Wherc F is u sealar threshold function, cr is the currcnt stress tensor and f is an array of

cllrrcnt thrcshold parameters, which is a function of V. A graphic rcprcsentation of the

thrcshold surfuce is shown in figure 3.1 .
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~~ t a,t

FSO

Figure 3.1 Threshold surface for the onset of damage [12]

The evolution equations for the damage are required to complete this model

constitutive description. For the VI damage, it is postulated that the material damage

derivative takes the form:

(3.3)

Where dl is the shortest distance from an exterior stress point to the threshold surface F=O.

An equivalent relation is postulated for Vs'

These equations can he integrated into a computer code to solve dynamic problems.

There are many parameters included in the model formulation, which must he evaluated

experirnentally. Tests are chosen to separate the effeet of the different damage modes or

components of stress.
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One of these experiments is the punch shear expcriments performed here. In this

conliguration the transverse shear stress is the dominant loading mode. The parameters

related to transverse damage can then be evaluated by eomparison of measured results with

those obtained from Iinite-element analysis of the expcrimental contiguration. Through an

iterative process, tbe assumed functional forms and material parameters ean be ehosen such

that good agreement is obtained. By eboosing a quasi-isotropie eontiguration, the problem

is thcn reduced ta an axisymmetrie one. A preliminary investigation using tinite element

analysis was performed by Thomas [13]. The problem was modeled with axisymmetric

dements on ABAQUS [21] , a Iinite elements software, using a simplitied version of the

continuum damage mode!. Reasonably good results were obtained. In a later stage of this

program this analysis will be performed again to tind the parameters matehing the

experimental values.
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4-Experimental configuration

The punching test was performed using two distinct apparatus. The '1uasi-static

tests were done on a MTS machine while the high-rate ones were donc on a Hopkinson har

system. The same interface punch/die was used in hoth cases. The punch diameter is ').47

mm ±0.01 mm. The die's inside diameter is 9.53 nll11 ±0.01 while its outside diameter is

12.70 ± 0.01 mm. Thc radial cleanmce between the punch and the die thererore is 0.03 ±
0.02 mm. The materialused for the punch and the die is tool steel 01 (ASTM A6~ 1). lt

was not quenched.

Special care was given on keeping the die and the punch in good condition. The

edges were kept at a constant sharpness between the tests ta insure constant results. ln the

same way, the roundness of the punch outside diameter was regularly checked. Finally.

bath of the end surfaces Imd ta be carefully nmchincd 10 ensure l1atness ami

perpendicularity with the bar.

In the following section, the Hopkinson bar principle and testing 1:lcililies will he

introduced in detail. Then, the static equipment will he bricl1y presented, followed by a

discussion of some special considerations on the use of the Iixture.

4.1-Hopkinson bars

4.1.1-Theory

For the determination of the high-rate shear properties, a split Hopkinson bar

apparatus was selected. It is the most widely used experimental conliguration for high

strain-rate measurement and was the obvious choice for this research. The development of

the Hopkinson bar apparatus was done as part of this research since no comparable

apparatus existed at McGill University.

The basic principle behind the Hopkinson bars is that it is possible ta determine the

stresses, the strains and the displacements occurring at the end of a bar by measuring the
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dcformation somewhere cise in the bar. To do sa il is neccssary that the elastic waves going

thrnugh the bar travcl in an undisturbed manner. As the waves travel at the velocity of

sound in that Il'luterial, the inlormation recorded will be delayed in lime. A long thin bar

(LIt! >20) is needed to have one dimcnsional propagation.

The Hopkinson bar got its name From ils developer, who in 1914 recognized that,

as long us the pressure bar remains elastic, the displacements in lhe pressure bar are directly

rclated la the stresses and that the length of the wave in the bar \Vas related to the duration

01" the impact through the velocity of sound in the bar. A few decades later, Kolsky

intl'Oduced the split Hopkinson pressure bar technique (alst) called Kolsky bars). In this

technique, wlllch is the most widely lIsed, the specimen is sandwiched between two

pressure bars. The lise of slrain gages to measure the strain on the surface of the bars was

illlroduccd in lhe beginning of the 1960'5. Since that time, the technological progress in

clrxtronics broughl improvcment in data acquisition equipment. The digital oscilloscope is

one of the cxamples lhat make these experirnents casier.

•
Thcl'e ure many kinds of Hopkinson bars apparatus. Figure 4.1 [14] shows

exmnples of test contigurations possible for different types of testing, namely compression,

shear and tension.

~

Compression

Striker5 --- l[ ~
Shear

V

~ : 1

H
Tension

Figure 4.1 Different Hopkinson bar apparatus [Adapted from 14]
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In this research, a split Hopkinson bar was used with the interlilcc designed l'or a

punching test. It is closely related, in the way it works, with the widcly dOClIIllented

compression apparatus, The mathenmtics is more complex but is hased on the same

principles,

The experiment only lasts a few hundreds of mieroseconds and goes as rnllow. A

striker bar is accelerated to a desired velocity by a nitrogen gas gun. It hits the incident har

producing a compressive wave. The compressive wave tmvcls down the bar at the

longitudinal wave speed orthe material (C,,=(Elp) 1/2) and passes through the strain gages.

This triggers the oscilloscope which begins recording the strain gages readings.

Meanwhile, anotl-ter compressive wave travels backward in the striker; when it rcachcs Ihe

end of the bar it reflects back as a tensile wave, which causes the slrikcr to bounce hack at

the moment the tensile wave gets to the incident bar. This also stops the compressive wave

in the incident bar, producing a duration tlmt is twicc the wave tmnsit time in the striker.

When the compressive wave reaches the specimen, a portion of the wave is transmitted and

a portion is reflected. This is due to the mismatch between the two materials. The

transmitted portion through the specimen is again retlected and tl'llnsmitted at the interrace

of the specimen and transmitted bar. Since the wave transit time in the short specimen is

small compared to the total duration of the test, Illany wave reflections can take place back

and forth in the specimen, producing a quasi-equilibriulll condition. At the salllpIe, part or

the wave is transmitted to the second pressure bar (transmitted bar) and part bounces baek

(incident bar). Both portions of the wave propagate down the length or the bars where they

will be recorded by the strain gages. At the end of the translllitted bar, a mOlllentulll trap

will capture the wave and dissipate the energy. A Lagrangian diagralll, Figure 4.2, shows

the evolution in time of the waves.
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Position (m)

-0.4 0 0, 3 0.86 1.30 1.72

•

o
Time (ms)

0.17

0,51

Figure 4.2 Lagrangian diagram

Figure 4.3 shows a schematic representation of the specimen interface for punching

split Hopkinson bars. The basic equations will be developed from this.

11 12

Fl
>

F2
<

Figure 4.3 Schematic punch and die
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U 1 and U2 refer to the displacement at the end of the bars. Tensile strains are taken as

positive.
1

u)=fC{)E)dt
()

1

u2=fC{)E2dt
()

(4.1 )

Where Co is the longitudinal wave speed of the material and El and ~ arc the strains al the

interfaces. El is composed of the incident,Ei, and the rcflected,ER, wave pulses while E, is

only composed of the transmitted pulse,E,.. Doing the substitution, Ihe displaccmcnt of the

punch relatively to the die is given by:

1

8u = Ut - u2 = Cof(E(ER- El) dt
o

(4.2)

The forces at the ends of the selected regions are:

(4.3)

It is assumed that Fl=F2 = F, so equating the last two equations:

e=
1

•
(4.4)
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Substituting equation (4.4) into equation (4.2)

(4.5)

The force is given by the equation

(4.6)

The pulse magnitude can be related to the striker velocity by conservation of momentum.

The relation is:

2Ei C.,=V;

(4.7)

Using the equalions (4.5) and (4.6) on the test data will give a force versus lime and a

displacement versus time record. They can be combined to produce a force/displacement

gmph.

4.1.2-Composlte lab facllities

Prior to this research. no previous Hopkinson bar apparatus existed in the mechanical

Engineering department of McGill University. Existing Hopkinson bars instaUations. were

visited.

A tensile Hopkinson bar exists at Carleton University (Ontario). in the department

of Mechanical and Aerospace Engineering. In addition. the Defense Research

Establishment of Val-Cartier has several compression Hopkinson bar apparatus. These

facilities were visited ta gain a better understanding of the appamtus priaI' ta beginning

design.
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The basic design consideration for the system were:

-Performance;

-Laboralory restrictions;

-Cost;

-Safety.

Each of these is addressed below.

1- Performance

The material to be tested is a 24 -ply graphite/Epoxy lmllinllle. The pulse magnitude

and duration have to he sufficient to completely punch through the specimen. Furlher

more, they have to he able to vary. Different striker lengths and specds have to he

available.

2-Laboratory restrictions

The punching split Hopkinson bars have to be installed on an existing optical table.

This table is fixed finnly to the fIoor. It provides a nice tlat surface to which every thing

will be attached. Further more for safety reasons, the striker had 10 he shot in the wall

direction.

3-Cost

The major cost in the apparatus is the data acquisition, namely the digital

oscilloscope. It was bought with the help of a NSERC gran!. The cost of the l'est of the

equipment can vary greatly upon the design choices made. The cosls were kept to Iheir

minimal values without influencing the performance.

4-Safety

There are high velocity projectiles and pressure vessels involved in Hopkinson bar

experiments. In both the design of the facilities and in the test procedures, total safcty of Ihe

people present during the tests must he considered.
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Figure 4.4 shows a schematic representation of the Split Hopkinson bars apparatus

buill al McGiIl University.

Strain gages

Specimen

Figure 4.4 Split Hopkinson bar system

4.1.3-Design of the components

The bars

The lengths of the bars were chosen to fit the table.

The incident bar is 0.864 fi (34 inches)

The transmitted bar is 0.762 fi (30 inches)

Two diffcrent strikers were machined

The long striker is 0.406 fi (16 inches)

The short striker is 0.203 m (8 inches)
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The lengths correspond respectively to the longest pulse the bars ean lake wilholll

superposition and to the smallest bar the gas gun can shoot.

The material was chosen to be tool ste,ù 01. It cornes in drill rads of 0.91111 (3 feet). The

tolerance on the diameter is ±D.O1 mm (±O.OOOS inehes), which is sullicient for this use.

Maehining a rad to this precision wouId have been costly. Buying it already centerless

ground at the plant resulted in significant cost savings. One bar cost approximalcly 20$

instead of several hundred. There was no thermal treatment applied on the hars. Thermal

treatments wouId have changed the dimensions eonsiderably. Without heat treatment,

though, the yie1d stress is much lower that what it couId have been. The magnitude of the

incident pulse must therefore he limited to a lower value to keep the bars in the clastie

range, but it is still sufficient for this application. The striker speed must bc limited to 19

rn/s. If, in the future, the apparatus has to be used to test tougher material, a ncw sct of bars

can easily be manufactured.

The diarneter to length ratio respects the one-dimensional wave propagation

constraint. It is respectively 90.7 and 60.0 for the incident and transmitted bars when thc

lower limit is evaluated to be 20 [15] .



•

•

27

The supports

Figure 4.5 Support

The supports (tlgure 4.5) were designed to take advantage of existing mugnets that

were lIsed with the optical table. The supports therefore require no permanent fixture ta the

table. The strength of the magnet is sufficient ta keep everything in place. When the bars

are weil aligned, the only force on the support. besides the gravity forces, is the friction

betwcen the bur and the bushings. There is no moment nor forces thut will cause the

support ta rcleuse. A Plexiglass spacer had ta be installed between the support and the

mugnct for isolution. The magnetic field was deviated through the support causing a loss

in rcstmint forces.

The only adjustment on the support is the height of the bur (y axis ). There is no

wuy to udjust the x rotation. Cure must he taken in drilling the bushings ta have the hale

perpendiclIlar to the magnet top surface. AlI the other useful degrees of freedom cao he

aùjllsted by moving the magnet.

The bllshings were made from delran. This plastic does not have a friction

coet11cicnt as low us Teflon but is less expensive and casier to machine. Il has been chosen

for ull bushings and for the sabot in the gas gun.

Once every thing is weil aligned, the bar slides easily in the supports. Strong

friction is a sign that the alignment is not perfect.
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The specimen holder

The specimen holder (tigure 4.6) consists of U Illoditicd support. The SpCcill1l~n is

mostly heId by the punch and the die. Serews arc supporting the specimen ag.linsl Ihe

gravity. The two sides are lherc only lo proteet in ease some part of the specimen wOllld

fly Ollt. They should not touch the specimen .

Figure 4.6 Specimen holder

The slide

A slide (Figure 4.7) was built ta guide the striker l'rom the gun to lite incident haro

This ensures that the striker bar axis is perpendicular to the plane of the specimen. Furthcl"

more it supports the bar on the vertical axis balancing for the gravity. The slide is made of

a thin plate with a v groove. This groove is covered with thin Plexiglass plutes that permit

eusy sliding of the bar. The alignment of the slide is controlled in a similar wuy us the

supports.
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Figure 4.7 The slide

Protection rings are installed over the groove to prevent the bar from going off axis

in case the gun is loaded improperly. Detectors for the velocity measurement of the striker

arc installed at the end of the slide. They consist of two infrared beams. The overall

system will be introduced later.

Tlle gas grill

Agas gun was chosen as the means of propulsion for the striker. Il is the most

conUllon choice of device used with Hopkinson bar systems. Il perrnits a wide range of

speeds just by adjusting the pressure. The gas used is prepurified Nitrogen. It is an

inexpensive and safe choice. The pressure is Iimited to 200 psi by the two stage pressure

rcgulator. Figure 4.8 shows a cross section of the gas gun.
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Figure 4.8 Gas gun section

The gun works in two steps. In the initial stage, the bar is loaded ail the way 10 tlll:

back. In that position, the sabot blocks the vent holes going l'rom the outer chambcr to the

inner chamber. The operator then opens the valve pressurizing the outer chamber. The

inner chamber stays at the atmospheric pressure as there is no path for the gas to enter.

In the second step, the operator opens the second valve. This puts pressure direclly

behind the sabot pushing it ahead. This movement frees lhe vent hole and the pressure

accumulated in the outer chamber reaches the back of the sabot. The sabot is then rapidly

aecclerated pushing the striker in front of it. At the end of the barrel, the sabot is sloppcd

and the bar continues by itself. For the next shot, the striker will have to bc loaded once

again pushing the sabot to the back.

The speed of the bar is directly related to the pressure used. If friction and wave

propagation are neglected, equating the work done by the pressure to the kinetic energy of
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the bar and sabot will give the speed reached.

(4.8)

Wherc

P = Pressure

A = Sabot cross section area
tJ.S =Barrellength

Ms = Mass of the sabot

M = Muss of the barh

The velocity can he expressed in tenns of pressure by rearranging the equation. Ali the

eonstunt terIns can be replaced by a constant K, which yields

V=K..fP
(4.9)

This l'annula was used in the design process ta determine the required pressure.

This gives u geneml relation between the velocity and the pressure. Nevertheless, the

neglecled tenns are not insignificant, and it is necessary ta measure the velocity

independently during the experiment.

The gun Ims heen designed ta he very safe. It can support the maximum pressure

given by the regulator with a safety factor of 5. For the working pressure for this thesis, it

hus a sufety llictor of approximately 20. Most of the dimensions for the gun were chosen

for practical reasons like machining and geometry purposes. Strength considerations were

of eoncern only for the fasteners.

The gun is the only system component ta he tightened ta the table. Six 1/4 inch

pressure boUs are used. This was do~e ta prevent any kickback when firing the gun. The
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magnets were not believed to be strong enough.

The 1ll0lllelltlllll trop

The momentum trap eonsists only of a bar c1amped in a big box. The box is l'l'CC to

slide and the momentum needed to displace it is enough to absorb the energy of the bar.

The Alig1l111ellt

Every mechanical element of the system has to be weil aligned to prevent moments

and off axis loads. As the gun is the only permanently fixed unit everything will he aligned

according to il. No special technology is used. The way 10 check if two components arc

weil aligned is by visual inspection and by friction feeling. Even a small misaligmllent will

result in friction, large enough to feel by moving and tuming the bar. A level W:IS also

used to quickly obtain the horizontal alignmenl. Laser alignment techniques were

investigated, butjudged to be too expensive for the case of alignment expected.

The tirst thing to align is the slide. A striker bar inside the gUIl will provide the

relèrence for il. Then, the incident bar is aligned with the slide. ln a thinl step, the

transmitted bar is aligned with the incident one. The punch must be able to tum inside the

die. There is 0.03 ±O.02 111111 of radial clearance. The last thing to do is to put the

momentum trap in position. Il requires only to have a clear contact with the bar. The slide

and the momentum trap will have to he repositioned after each shot. The slide is most of

the time removed to load the gun easily. The momentum trap is for its part, displaced while

doing its function. It 1s recommended to check the bar alignment hetween every experiment

but usually everything stays in place.

Electronic equipment

There are two main categories of electronic equipment in the Hopkinson Bar

apparatus. The purpose of the tirst one is to read the magnitude of the strain pulses going
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lhrough the bars. The second one calculates the speed of the striker. Each is discussed

bclow.

,S'train pulses acquisition

Strain gages arc used 10 measure strain in both the incident and the transmitted bars.

Il is ùesired 10 have a strong enough signal to be able to read it directly without the use of

an i.unpliJïer. There are high frcquency fluctuations in the signal which would require a

special and expensive ampli tiers. One way to avoid that problem is to use ceramic strain

gugcs. This has becn donc by the two laboratories visited and was not recommended.

Thosc guges are very hard to install and expensive~ leaming to install them may be costly.

Finally their gain is not Iinear; the data manipulation is more complex ta do. The second

wuy is to use high resistance standard gages with a high voltage.

The second method was chosen. 1000 ohms resistors (Measurements group EA

06-250BK-IOC) were used in a half Wheatstone bridge. Only lOV were put ucross it

which was sufficient to read a full seule. Figure 4,9 shows the wheatstone bridge

conditioning circuit used. The method ta balance the circuit cornes from Bazergui [16].

J1
1000

R2
1000

Figure 4.9 Wheatstone bridge

n

n

Rb
100 krl(

The oscilloscope used is a Nicolet Pro 40. It has 12 bits of vertical resolution and

ils maximum sampling rate is 10 MS/s. It is needed to record as many points as possible

during the short duration of the experiment. The waveform treatment was done on the

oscilloscope. It offers the possibility to program certain functions. The force vs time

wavcform and the displaeement vs time waveform are calculated From the incident and

transmitted pulses (see figure 4.10 to 4.13). The opemtion is performed on the digital
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oscilloscope in which the equations prcsented earlier ( 4.5 and 4.6 ) are programmed. For

the results presentation. the waveforms were takcn to a Macintosh computcr.
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Calibration

•
The data acquisition system was calibrated by two diffcrcnt mcthods. First by

putting a resistor in parallel with a strain gage (shunt resistor). Then the calibration was
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chccked by looking al the pulse l'rom a striker of known velocity. The two results agreed.

The resistor put in parallel was chosen to produee a voltage variation similar to the

one met during the tests. Ils value is 219.7 kil and it produces a voltage variation of
t.E= 11.5 mV. The relation joining t.E to the strain Eis:

t.E = 10.6 Ei V (4.10)

•

•

PUlling those values back into 4.5-4.7 and using the other known values, (4.5), (4.6) and

(4.7) beeome:

1

t.U = f360 t.EI - 925 t.ER dt m
()

F = 2.54 X 10" t.Et N

V; = 923 t.E; mis

(4.11)

The last relation is used to check this calibration against the speed calculated on the slide.

Speed detector

The speed of the striker is caleulated l'rom the time that the bar takes to cross two

infrared beams. These beams are located at the end of the slide and are 5.0 cm apart. At

this location, the bar is completely out of the gun and travels at a constant speed. A NES

Slimline DS 1559 timer calculates the elapsed time between the two events.

The beams consist of photodiodes sending infrared light to lensed phototransistors.

Light keeps the current going through the phototransistor. When the beam is eut, the logic

circuit goes to O. The timer itself is activated and stopped by a logic 0 at its different ports.

The problem encountered in this system is that the bar does not only pass through,

it bounees baek on the incident bar and crosses the beam again. As a result, the beam

reading cannot control directly the timer. A more complex system has to deactivate the

be;mls once crossed. The signal l'rom the second beam will first go through a monostable

multivibmtors (SN74121) that will produce a square pulse. This triggers a relay. That
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will, at the same time, stop the timer and deactivate the tirst beam. Schematics or Ihe circllil

are shown in appendix pp. 63-85.

Figure 4.14 shows the general Hopkinson system as it was bllill and IIsed. The

definition drawings for the parts that had to be bllilt are appended to this report. (appendix

p 63)

Figure 4.14 McGill University Hopkinson bar system A) bars B) Nitrogen tank
C) oscilloscope D) gas gun and slide
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4.2-Static tests

The statie tests were performed on an MTS 810 material testing system. A fixture

was designed for punehing tests by Thomas [13] . Figure 4.15 shows a representation of

the fixture.

Figure 4.15 Static fixture

The MTS data acquisition system was not able to record data at the rates required for the

medium rate tests. It was bypassed and the digital oscilloscope used for high rate testing (

Nicolet Pro 40), was linked direetly to the controller. Force vs time and displacement vs

time data were eollected and brought to a Macintosh computer for treatment.

The displacement measured was the stroke of the machine. It takes into account the

fixture and the machine defonnation. These effects have to he measured to subtract them

from the specimen displacement. A rod of the same area and rnaterial than the die was

inserted into il. A compression test on the fixture is then perfonned. Figure 4.16 shows

the force displacement graph for the fixture.
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Figure 4.16 Fixture response (curve) and model (linear)
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The behavior is mostly linear; only the tirst part of Ihe curve is DOl. The Iixlure

displacement will he modeled only with a linear formulation. The formula uscd 10 correct

the displacement is:

Âu' =Âu - (force 15.6 x 107 + 2.7 x 10.4) m

(4.12)

The correction neglects the tirst part of the curve.
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5-Material

A standard material AS4/3501-6 (graphite/epoxy) was chosen for the test, using a quasi

isotropie laminate. In this way, the punching experiment can he considered to he

axysymmetric, which reduces the analysis considerably. Other punching experiments [9]

have shown that less scatter was observed with thicker specimens. Therefore, a 24-ply

(3.3 mm) laminate has been chosen. The actuallay up is [+45/-45/0/90]35.

Two 0.3m square (12in X 12 in) plates were made at the Centre Des Matériaux Composites

de Saint-Jérôme. The pressure and temperature curing cycles are presented in appendix

p.86. The quality of the plate was checked by ultrasonic c-scan. The result is presented in

appendix p.8? It indicates no significant defect. Only plate number 883881 11 has been

lIsed for this study.

The plate was eut in 3.8 cm square specimens. It was done using a tHe saw with a

diamond blade. Water is used to cool down the material during the operation. The material

is not damaged by this procedure. The size of the specimens was chosen to be large enough

to minimize edge effects.
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6-Test Procedures

Two categories of tests were performed:

- Tests on the MTS Machine;

- Tests on the Hopkinson bar.

On the MTS machine tests were performed at 3 different speeds. They arc controlled by the

tests duration. The total displacement ehosen (specimen+lixture+machine) is specilied for li

specilic time.

The tests use the designation:

-very slow: lOs;

-slow: Is;

-medium O.ls:

The temporal distribution of the displacement is setto be sinusoidal duc to limitations of the

equipment.

The medium rate is the maximum velocity that can he achieved. It is limited by the amount

of oil the MTS machine Clin drop in a certain time.

On the Hopkinson bar l\pparatus the tests are controlled in a differcnt way. The speed and

the length of the striker control the parameters of the tests. The long striker bar was used

for most experiments. It offers a larger range of speed where total penetration is possible.

For any striker length, the maximum speed at which it can hit the bar is dircctly related to

the yield stress of the bar material. Therefore, the maximum displacement mte for any

striker is the same. The lowest displacement rate depends on the length of the striker. The

longer the striker, the more energy it carries, the lowest speed it needs for perforation.

Perforation while still keeping the bars elastic is possible for the long striker at impact

velocities from 13 to 19 rn/s. Tests at slower speeds were also performed to investigate the

behavior during partial penetration.
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With bath kinds of se:"ngs, interrupted tests were also performed. They are done ta

invcstigale the way the damage evolves in the material. The specimens are then X-rayed

and eut for charactel'ization.
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• 7·Results

In this section, the results will he presented. Each kind of test prcsented will be discusscd

individually and then compared ta each other. For euch kind of test, l'rom two la four

different results will be plotted on the same graph ta show the repcatability in the resu\ts.
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Figure 7.1 Punching speed =0.001 mis
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Figures 7.1 and 7.2 show the results for a 10 sec duralion lesl und a 1 sec one,

respeclively. This corresponds 10 0.001 mis and 0.01 mis punehing speed, respeclively.

In both cases, the curve can he separaled inlo Ihree parts. The firsl corresponds la the

loading of the specimen. In that part the results are very repelilive. This zone goes 10

approximalely a 0.4 mm displacemenl. This corresponds la a load of approximalely 30

kN. The second zone corresponds 10 Ihe acluai punching of Ihe composile. The results are

less repetitive there. Even if the vaiues oblained have sorne scaUer, Ihe generai modes of

failure stay Ihe same. The shapes of the peaks are the same. The third zone corresponds ta

the plug being pushed out. The force needed to push the plug varies l'rom specimen ta

specimen. Nevertheless, it stays in a relatively smail range. Smail variations in the way

the specimen was damaged may cause bigger variations in forces.
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The straightlines hetween what was called zone 2 and zone 3, from approximately

.45 mm to .80 mm, correspond to lines of two points. There are no data points between

the two ends of the line. This is caused by the fact that when the material breaks, there is a

sudden drop in load. The MTS cannot react instantaneously and there is a jump in the

displacement while it adjusts. A much higher sampling rate wouId he needed to get points

in that region. The duration of the whole test does not pernùt such a sample rate. The

amount of data obtained would be impracticable. This fact is shown by looking at figure

7.3. In that test, lhe punching speed was much higher, so the sampling rate is much faster.

Il was then possible to pick up the last part of that jump when the machine starts to

stabilize.
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Figure 7.2 Punching speed = 0.01 mis

At a punching speed of 0.1 mis, there is much more scatter. One of the tests

performed even has a different slope. As this specimen also had an early failure, it was

tougth to he caused by a defect in the specimen. It is also important to mention that this test

was performed at the maximum speed the machine can reach. There was considerable

vibl"Jtion in the system after the experiment. Due to the small duration of the test, it is
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impossible to comment on the behavior of the machine during the ICSt.

Figures 7.4 and 7.5 show the rcsults for high spced punching whcn pcnclmlinn

\Vas achieved. Figure 7.4 corresponds ta lhe minimum striker speed (<tpproximatdy 13

mis) while figure 7.5 corresponds ta the highcst one (approximatcly 18 mIs).. The average

punching speeds related ta those striker velocities are approximatcly 4.2 and 6.0 mIs.

respectively. The average punching speed is calculated by dividing the total displaccmcnt

by the experiment duration.

At high rates. the curves are more complex than at low ones. The first part uf the

loading corresponds to a straight Hne. Ali tests are very repcmablc in this rcgion. Then

there is a change in the slope (softening). The point at which this happcns varies slightly

from specimen to specimen. A plateau is reached at approximately 22 kN. Following this.

there is a rapid increase in force (stiffening) to get to the maximum load. In contrast to the

slower tests, the maximum peak is reached first and then there arc several lowcr pcaks.

Finally. the last part of the curve, if reached, is the plug being pushcd out.

Figure 7.3 Punching speed =0.1 mis
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•
Figure 7.6 compare~, the forceldisplacement resuhs for tests conducted at speeds

insufficient ta completely punch through the specimen. The general appearance of the

curves is the same as completed tets but the changes in sIopes and the plmeau seem ta

happen atlower values. There is Iittle visible damage on those specimens when inspected.

There is a small mark done by the punch on the surface. No significant damage is rcvetùed

by x-rays. Cutling the specimen and inspecting it show, however, if the load rcached is

high enough, some permanent deformation in the layers.

Figure 7.7 shows the influence of the punch finish on the reslllts. The tests \Vere

performed with the punch not completely nat nor perfectly perpcndicular. lt reslllted in

sorne seatler for the first part of the curve. When the puneh is not sllfticiently

perpendieular ta the specimen, it will not hit it everywhere simllitaneously The eurve,

obtained when the bar is perpendieular lies in the middle of these other eurves. The global

behavior for the rest of the eurve is still similar but a lot more seatler is observed.
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Figure 7.6 Comparison of lower striker velocity tests (8 and

10 mis) ta a 18 mis test
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Figure 7.7 Effect ofhaving the punch faces not perpendicular with
the bar axis
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7.1·Results comparison

Figure 7.8 investigates the difference between the two slowest tests. As the two curves are

very similar, the differences are hard to detect. From the data it was found that the slope of

the faster one is slightly larger. There is also a difference in the top part of the curve. Il is

easier to see by comparing figure 7.1 and figure 7.2. lU the sIr, \Ver speed, the difference

between magnitude of the two peaks is bigger. As those twotypes of curves are similar,

only one will be referred to in the remainder of this discussion.

For the fast tests on the Hopkinson bars, there is little difference between the two rates.

Figure 7.9 shows the superimposed results of figure 7.4 and 7.5. The first part of the

curves are identical. Even the smaller velocily tests of figure 7.6 behave in the same way in

that region. There is some difference where the curves soften. As the scatter in the results

for that region is also higher no definite conclusion can be reached on tbis difference.
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In general. the difference in displacement rates for these two punching speeds is slllall

(30%). This is not enough to show conclusive differences. These two tests will he

referred to from now on as high spced tests and not differentiated.
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The three selected curves: slow, medium and high punching spceds, are plotted

together in figure 7.10. One of the important things to notice is the first part of the curves.

A rise in punehing speeds produees higher slopes. This is consistent with rate depcndent

behavior of most materials. Il can also be related to tests on GFRP perforrned by Harding

[9] who obtained similar behavior for the loading of the material. The other thing to notice

is the peak value reached. As mentioned before, there is sorne seatter for the value even for

the tests at the same punehing speed. The difference found between different categories of

tests lies within the seatter. With the large quantity of tests performed. the value seems to

be constant for ail strain rates.
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8~Specimen inspection

Several of the specimens wcre x-raycd to invcstigate the extcnt of the damage. A

dye was used lo make the damaged regions show on the pictllres. The dyc is 1,4

Diiodoblltane made by Aldrich Chem, Co. Il W.lS not put dircctly on the damagcd rcgion.

The concentration of dye wOllld have been tao high to corrcctly analyze the pictures. The

dye was applied on the edges of the specimens. It was then lert to blccd in. Thrcc 10 l'our

applications were taken at one hour intervals. The dye perme'ltes through the undamagcd

regions and accumulate in the damaged ones. The x-rays were done in 'l Hewlelt Packard

cabinet x-ray system, Faxitron series. The exposure was set ta 10 sec and the tube voltage

ta 20 V. Figures 8,1 ta 8.3 show the evolution of damage while punching.
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Figure 8.1 Low punching load Figure 8.2 Almost punchcd

•

Figure 8.1 shows an interrupted test taken to 15 kN and no damage can he sccn.

Figure 8.2 shows a specimen that was submitted ta a 25 kN punching load (approximatcly

80% of the maximum load). A crack begins ta show around the punch. Figure 8.3 shows

a completely punched specimen. The punched ring is c1ear. indicating that damage is

concentrated in the narrow zone around the punch.
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There is no apparent difference in damage between specimens punched at the

various ratcs. Therc is no apparent edge effect indicating that the choice of specimen size is

apprupriate. The tirst three figures do not show the damage in the plug. The dye that cornes

l'rom the cdges or the specimen stops in the crack around the plug. It does not reach its

inskle rcgion. Sorne dye was directIy applied in the IightIy damaged region of the specimen

shown in ligure 8.4. The damage in the plug is then shawn. This method could be used

for Ihis specimen becausc almost no cracks were present on the surface of the specimen.

Only a small amount of dye then penetrates. The specimen shown in figure 8.4 was at the

onset or complete failure; the maximum load was a little bit over 30 kN. A section of the

saille specimen will be shawn in the next section.

•
Figure 8.3 Punched specimen Figure 8.4 Dye applied on the plug

• Figure 8.5 Holders effects
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Specimen holder effects wcre also investigated. The x-rays shawn from ligure ~.I

ta 8.4 come from tests where the specimen is held only by the pressure bars ami the

support screws. The holder is only used for protection and Ims no clTcct on the specimens.

Contact between the specimens and the support during an experimelll wou Id change test

conditions. A portion of the transmitted wave would go through the support. and Ihe

Hopkinson bars principles wouId not apply anymore. Figure 8.5 shows the damage region

for a test in which this event occurred. The support geometry is imprinted in the damage

region.
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8.2-Visual inspection

To observe the damage inflieted to the laminates at different stages of punehing, the

specimens were cut in two. The same tile saw used for cUlling the specimens to size was

used for scctioning. As the specimens were not always punched exaetly in the center, it

wa~ dil1ïcullto exactly split the punching region in two. Furthermore, the saw cutting line

is fairly thiek (1.5 mm) resulting in a loss of materiaI. These two facts explain why on the

presented pictures, the punched region is neither exactly the same nor directly related ta the

die diameter.

The images were acquired using a black and white digital camera linked ta a

microscope. Visual inspection is made easier by the presence of white !ines. These lines

arc proùuced by the 0 or the 90 degrees plies depending on which orientation the specimen

was cul. The white color is produeed by the light refiecting on the fihers parallel to the

culling line. One thin white line represents one ply. The thick dark gray lines represent

lwo or three plies depending on its width.

Figures 8.6 to 8.10 show the different stages of punching. Once again, no

macroseopic damage differences were observed between slow and high rate punching. In

ail ligures, the punched side is at the bollom. Figure 8.6 shows a cut specimen to which

was applied a 21 kN punching load. The material does not show much damage but sorne

permanent deformation is present. A horizontalline has been drawn along one ply to make

this casier to visua!ize. Sorne rotation of the fibers is present in the sheared region.

Figure 8.6 21 kN load
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Figure 8.7 31kN load

Figure 8.8 Maximum load reached

Figure 8.9 Completely punched specÏlll'ln

54
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Figure 8.10 Plug being pushed out

Figure 8.7 shows a specimen subjected to a 31 kN punching load. The x-ray of

that same specimen was presented in figure 8.4. The peak load was almost reached and

some damage is apparent. A lot of interlaminar delamination is present in the lower plies.

The specimen of ligure 8.8 was damaged a little further. The peak load was

reached and the sampIe had already lost much of its strength. The delaiuination in the

lower plies is more pronounced. Transverse cracks are appearing where the plies are

rolating.

ln ligure 8.9, the specimen has lost mostly ail its strength. The load at this stage is

only that needed to push the plug out of the specimen. Delamination is present in the lower

hall' of the specimen. The transverse cracks are more apparent than in the previous picture.

Two different cracks are present: one on the top half and one on the bottom half of the

specimen. The top one is going inward as it is going down while the bottom one is going

outward as it is going up. A horizontal crack links the two.

Figure 8.10 shows the plug being pushed out of the specimen. The region between

the t\Vo cracks completely rotates. The plies form a bubble on the lower surface before

being completely separated. The delamination zone is extended even further toward the top

of the plug.
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9-Modes of failure

The information gathered hy the specimen inspection or the I:lst section will hd!,

formulate the damage evolution.

During the loading of the specimen, which corresponds tn the tïrst part or the load

displacement curve, the principal mode of damage is believed tn he matrix cracking. Figure

8.6, which shows only a small permanent deformatinn, corrclates with this idea. The ratl'

dependence observed in that part of the curve would be rclated tn the time dependent

material response through the damage process, which in that case is matrix cracking.

When the punch further deforms the nmterial, the rotation in the sheared region

reaches a level where the fibers come into tension. lt is as if the punch was supported hy a

net and to go through, it has to break the threads. Even if the matrix is eonsiderahly

damaged, the fiber can support the load. The maximum load that ean suslain Ihe material is

then dictated by the tensile properties of the tibers. This explains why Ihe maximum Inad

does not vary with the straill rate, since the tension properlies of graphite lihers have

previously been shown [5] not to vary with strain rate.

The maximum peak is not always the tirst one (sec ligure 7.1). At some straill-rate, a

lower peak is tirst reaehed. It is postulaled that at this peak some libers l'ail, lelting the

entire system move with a lower force for a while until a stronger conliguration :s rcachcd.

Even if the maximum force is reached on the tirst peak, subsequent ones usually follow. fi.

lot of damage oceurs while going l'rom one peak to another.

While reaching the peak load, the matrix is considerably danmged. Where itlms 10 rotate 10

permit the fibers to take the load, the matrix is sheared. There is also delamination presenl

mostly in the lower part of the specimen. As the sample is relalively thick, differcnccs in

the modes of l'ailure of the top and bottom parts occur.

When the load drops considerably , the material is completely cracked. The cracks arc nol

going straight l'rom the top to the bottom. To push out the plug, sorne load is needcd 10

deform the material on the edges of the cracks. Localized rotation occurs perrnilting the

plug to go through the smaller regions.
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10-Recommended further research

There are many facels related to lhis experiment that would be inleresting to investigate.

First it would be interesting to study the influence of the lay-up on the punching properties.

The lay-up effects on a drop test with a steel baIl have been studied by a few authors [17

18]. Different results have been obtained. The use of a more simple experiment, such as

lhe one perlormed here, could bring new insights to the problem. In this experiment, a

quasi-isotropie configuration has been use to retain axisymmetric loading. Studies of other

lay-ups need to be performed.

ln addition, the intluence of the constituent would give sorne interesting information. In

this work, the maximum load was found to depend on the tensile properties of the carbon

libers. As this property does not vary with rate, the load is constant. By using glass

libers, whieh are mte dependent, a different behavior would be obtained. Harding [9]

oblained much differcnt results when he did tests with GFRP. In the same way, using a

different matrix would probably influence the first part of the curves.

Finally, it wouId be interesting to study the effect of the sample thickness. The damage

observed in this experiment was not constant throughout the thickness. A thinner specimen

wouId exhibit different modes of failure.



11-Conclusion

A punching test was designed to charaelerize the lransverse shear properlies of

1,U1ùnated graphite/epoxy composites for different strain rates. The tests weI"<: pcrformcd

on a MTS machine at slow and medium speeds and on a Split Hopkinson har apparatus for

higher velocities. The tests were successful and good repeatahilily was ohtaincd.

The loading pmt of a force/displacement curvc is believcd to reileci the malrix

cracking response of the material. It is found 10 bc mtc depcndcnl. The pc,lk valuc is

believed to be linked 10 the tensile propclties of the libers. which for graphite lihers arc

rale-ïndependent. Aticr signilicant rotation, the libers are loaded in tension. ft explains

why the peak load does not vary with strain rates.

The modes of damage are found to bc more complex than whal could he expccted in

such an experiment. Matrix cracking is the lirst damage encountered followed hy

delamination and linally by liber failure. The damage is localizcd in tlu: punched reginn.

A nnite element analysis of the system, using a damage model ami the rcsuhs from

those experiments, will bring more insight to the damage progress. The eflccts of the lay

up, the specimen thickness and the constituent wouId be interesting to investigate.

Overall, the rate dependence found in this experiment is considered 10 he signilicanl

for loading conditions such as impact.
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